Nature has evolved efficient strategies to synthesize complex mineralized structures that exhibit exceptional damage tolerance. One such example is found in the hypermineralized hammer-like dactyl clubs of the stomatopods, a group of highly aggressive marine crustaceans. The dactyl clubs from one such species, Odontodactylus scyllarus, exhibit an impressive set of characteristics adapted for surviving high velocity impacts on the heavily mineralized prey species on which they feed. Consisting of a multi-phase composite of oriented crystalline hydroxyapatite and amorphous calcium phosphate and carbonate, in conjunction with a highly expanded helicoidal organization of the fibrillar chitinous organic matrix, these structures display several effective lines of defense against catastrophic failure during repetitive high energy loading events.
elevated magnesium concentrations of the periodic region, which has been shown to aid in the stabilization of amorphous calcium carbonates in other biological systems (11, 12) . Further analysis of the synchrotron mapping data reveals that the HA crystallites exhibit a preferred orientation with the (002) lattice planes oriented parallel to the impact surface, a theme observed throughout the impact region, suggesting that the oriented crystallites impart additional rigidity during an impact event due to the greater hardness and stiffness of the HA basal vs. prismatic faces (13) .
Underlying the mineral phases is the chitinous organic matrix, which exhibits a characteristic helicoidal organization (Fig. 4) . The sheets of locally parallel chitin fibrils are stacked upon each other with each sheet skewed by an angle from the sheet below it. This constant difference in angle between neighboring sheets ultimately produces a rotation of 180°, defining a characteristic wavelength and a super-layer. These super-layers are easily identified using SEM or optical microscopy (Figs. 1F, 2A) and decrease in thickness from the club exterior to the interior in a linear fashion. Each super-layer follows the club's contours (Fig. 1E) , defining (i) the medial zone beneath the impact region and (ii) the lateral zone along the sides of the club. Compared to other helicoidal biocomposites (14, 15, 16 ) the highly expanded helicoidal periodicity of the stomatopod dactyl club makes it an ideally suited system for synchrotron fiber diffraction studies that have otherwise been previously resolution limited in other crustacean species by the x-ray beam spot size (17) . The first such texture analysis of the helicoidal ultrastructure using a micro-diffraction beam line with a spot size of 5x5 microns is shown in Fig. 4D ,E using the d-spacing of the (110) peaks of -chitin (18, 19, 20) .
In order to gain insights into the damage tolerance of the club, we performed Dynamic Finite Element Modeling (DFEM) of a striking event against a solid target ( Fig. 5A-C ) (see SOM for details). The dynamic evolution of the maximum principal stress ( max ) following contact ( Fig. 5B ) reveals that the impact wave initially travels through the entire club and reaches the end of the dactyl ca. 2.5 s after contact, before being transmitted through the propodus. Since these simulations predict that the maximum values of max are achieved 2 s after impact, they imply that the propodus has no significant effect on the distribution of these critical stress values. Analysis of the maximum stress components at 2 s after impact (Fig. 5C ) include: (i) the hydrostatic pressure H (blue tones), (ii) the in-plane maximum principal stress IP max (green tones), and (iii) the out-of-plane maximum principal stress, OP max (red tones). These computations imply that the club is subjected to extremely high hydrostatic compressive stresses, with H up to 6GPa reached within a 0.2mm radius from the contact point. For comparison, the compressive strength of engineering ceramics such as zirconia or silicon carbide is on the order of 2-3.5GPa (21) . Since the dactyl club does not fracture during impact, this highlights its ability to sustain extremely high levels of localized impact pressure.
Internal damage can follow the direction of conical stresses (in the plane of the club's long axis) or radial stresses (orthogonal to the computational plane), with crack initiation governed by surface and close to the interface with the periodic region, reaching values well over 100MPa, which correspond to the tensile strengths of monolithic ceramics. Conical cracks would hence be expected to nucleate near the impact/periodic region interface. The periodic region, which in contrast, has a lower mineral content, is subjected to lower in-plane stresses. The highest values of OP max are highly localized beneath the initial point of impact, reaching values that can exceed 100MPa, suggesting that radial cracks are likely to also nucleate near the impact/periodic region interface. Most of the club is subjected to moderate OP max values (10-50MPa), implying that radial cracks are less likely to occur in these regions. Further analyses reveal that the striated region restricts maximum principal strain within the periodic region (SOM) thereby locally reducing the crack opening displacement of a potential propagating crack (22) .
While DFEM simulations provide important insight into the stress distribution and potential sites of microcrack nucleation, they do not take into account the complex microstructural features of the dactyl club. In order to correlate these features with the observed damage tolerance, a micromechanical analysis must also be considered. Intuitively, it is not surprising to find a hard outermost layer in a structure employed for high-energy impacts as this design is widely used for mechanically active (23, 24) or protective (25) hard tissues. In addition to this first "line" of defense, its microstructural complexity imparts the club with several mechanisms against catastrophic failure (Fig 5D) .
Although DFEM suggests that internal cracks are likely to nucleate beneath the impact region, the helicoidal architecture provides several toughening mechanisms that hinder catastrophic propagation of such cracks (Fig. 5D ). Charge contrast SE micrographs of coronal cross-sections (Fig. 4F ) illustrate the tendency of cracks to nest volumetrically within the periodic region between the chitin fibers. In three dimensions, this can be represented as a helicoidal fracture pattern propagating between layers, with a rotating crack front that remains parallel to the fibers without severing them. This hypothesis was confirmed by modeling a coronal cross-section of a helicoidal stack of fibers curved around a spherical core (Fig. 4H) , which results in the distinctive double spiral-like motif shown in Fig. 4G and H. This model precisely reproduces the charge contrast fractographs, providing strong evidence that cracks predominantly propagate helicoidally between the chitin fibers. The key implication is that this pattern creates a much larger surface area per unit crack length in the main direction of propagation, hence amplifying the total energy dissipated during impact and crack propagation, a behavior which has also been observed in engineered helicoidal composites (26).
When a crack deviates from its helicoidal path and crosses into neighboring layers, it encounters an elastic modulus oscillation due to their anisotropic stiffness. This oscillation period is on the order of 75 m, and the relative thickness of stiff (E max ) and compliant (E min ) layers depends on the angle of the crack front relative to the helicoid axis (Fig. 2B) . As shown by Fratzl et al. (27) , this oscillation provides an additional protection against damage. Indeed, the Jintegral crack driving force, J far , surrounding the crack is shielded at the tip, J tip = J far ·f inh , where f inh is the shielding factor, which directly depends on the relative thickness and modulus ratios =E max /E min . We used our nanoindentation linescan profiles to fit the oscillation wavelength and modulus ratio , and applied this analysis to the club (SOM). These results suggest that crack propagation across layers is hampered by the modulus oscillation, which improves the damage tolerance with an efficiency that depends on the crack propagation direction relative to chitin fiber orientation.
A final protective mechanism against catastrophic fracture is provided by the sharp transition between the impact surface and the bulk of the impact region. If a crack approaches the impact surface, it encounters an elastic modulus mismatch. A crack propagating from a more compliant region (E 2 ) can either be deflected at the interface, or propagated through the stiffer region (E 1 ). This tendency depends on the Dundurs' parameter =(E 1 -E 2 )/(E 1 +E 2 ) (modulus mismatch) and on the fracture toughness of the interface, G IF, and of the stiff material, G C1 . The propensity for a crack to exhibit either of these regimes can be expressed as a critical (G IF /G C1 vs.
) curve (28 , the impinging crack is likely to penetrate through the hard impact surface, which would significantly affect the club's structural integrity. Charge contrast SEM micrographs indicate that cracks remain mostly contained within the periodic region, with evidences of deflection at the interface, suggesting that the G IF /G C1 ratio successfully prevents cracks from reaching the club's outer surface (SOM). Given the complexity of the club's microstructure, other dissipative mechanisms at the micro-and nano-scale must also contribute to its toughening. As in other mineralized biocomposites, this could include micro-cracking at the crack-tip process zone, crack bridging from mineralized chitin fibers, or crack deflection at interfaces (31), as well as time-dependent mechanisms, which will all be amplified by the helicoidal crack pattern. At this early knowledge stage of the dactyl club's mechanics, however, their relative contributions to mitigating internal damage remain unknown, but are the subject of our current investigations. Figures and Captions: 
Supplemental Online Material (SOM) Materials and Methods: Specimen Handling and Sample Preparation
Live specimens of Odontodactylus scyllarus from the tropical Indo-Pacific were maintained live in a recirculating seawater system until ready for use. The dactyl clubs were dissected from these specimens and rinsed in fresh seawater to remove any loose organic debris. The samples were then rinsed briefly in deionized water to remove any residual salt and then air dried at 30ºC. The resulting samples were either imaged in their entirety for whole-club scanning electron microscopy (SEM) or imbedded in Epofix resin for the preparation of cross-sections. The obtained resin blocks were manually trimmed down to the desired imaging plane with a diamond saw and polished to P1200 with progressively finer grades of silicon carbide paper and then with polycrystalline diamond suspensions down to 100nm to obtain a smooth finish. The resulting samples were imaged either by optical microscopy, backscattered scanning electron microscopy, Energy Dispersive Spectroscopy (EDS), or subjected to nanomechanical testing.
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
Whole or polished dactyl club samples were gold or carbon coated and examined with an FEI XL-40, a Tescan VEGA TS-5130MM, or a Tescan VEGA XMU scanning electron microscope equipped with an Oxford Instruments (X-Max) energy dispersive spectrometer. EDS line scans and compositional maps were acquired at a 20kV accelerator voltage.
Nano-Mechanical Testing
Nanoindentation studies were performed on transverse cross-sections through the center of the dactyl club in ambient air using a Triboindenter nanomechanical testing system (Hysitron, Minneapolis, MN, USA) equipped with a berkovich tip at a peak force of 5mN. The load function consisted of a 5-second loading to 5 mN, followed by a 5-second hold at that force, and then a 5-second unloading. The hardness and reduced modulus were calculated from the unloading curve of each, using the Oliver-Pharr method (1) .
For the area maps presented in Figure 2B (left), the indentations were performed in a grid-array with ca. 100 µm spacings. For the higher resolution line scan measurements through the center of the transverse dactyl club section shown in Figure 2B (right), the indents were spaced ca. 15µm apart. For the very high resolution line scan plot through five super-layers (with periodicity: ca. 75µm) of the periodic region ( Figure 2B , inset) a grid array of indents (with 10 µm spacings) was performed at an angle of ca. 5 degrees from the vertically oriented super layers (Supplemental Figure 1) . These data were then collapsed to form an averaged linear plot of modulus through the layers. This method was chosen to obtain a high resolution line scan through the structure to observe variations in modulus as a function of chitin fiber orientation, while simultaneously maintaining adequate indent spacing to prevent problems associated with indent overlap and subsequent damage-induced changes in the local mechanical properties of the sample.
Supplemental Figure 1:
Indentation grid array used to generate the high resolution line scan data depicted in Figure  2B , inset. The indents (each denoted by a colored square) have been overlaid on an optical micrograph of the club's periodic region to show the relative X-location of each indent. In this figure, the Y-distance between the indents has been exaggerated to reveal the underlying banding pattern.
Synchrotron X-Ray Diffraction Studies
Synchrotron X-ray data was collected at Beamline X13B at the National Synchrotron Light Source, Brookhaven National Laboratory, using 19 keV X-rays ( = 0.65 Å) and a beam spot focused to ca. 5 m × 5 m. Specimens consisting of dactyl clubs embedded in Epofix resin were sliced with a diamond saw to create 0.5 mm thick slices which were then mounted onto the beamline sample holder in transmission geometry. Transmitted Xray intensity was recorded using a photodiode detector fixed beyond the sample at the beam stop and normalized by incident intensity measured with an upstream ion chamber. Diffraction data were acquired with a Princeton Instruments CCD detector approximately 15 cm beyond the sample. Frames were not corrected for spatial distortions within the detector optical taper. Using a sintered corundum standard, the software package Datasqueeze, and a JCPDS data card for corundum, we calibrated detector pixel positions to Q-values and subsequently re-refined the data using the hydroxyapatite (002) peak as an internal standard. A representative diffraction pattern from the impact region illustrating the (002) oriented hydroxyapatite crystallites is shown in Figure 3A . The plots in Figure  3B were generated by integrating around the azimuthal coordinate (0-360 degrees ) to produce intensity vs. Q plots with Q ranging from 0 to 3 (Å -1 ). Diffraction patterns were acquired from the dactyl club impact and periodic regions as well as a hydroxyapatite mineral standard, a dried bovine bone sample, and a commercially available crustacean chitin standard from MP biomedical (Catalog Number 101334).
For the X-ray composition maps shown in figure 3C , a 31x25 mesh of diffractograms was acquired from a dactyl club, with each spot separated by 100 m in both directions for a total of 775 diffraction patterns. For mapping the hydroxyapatite and amorphous phase distributions shown in Figure 3C , we integrated the areas under the highlighted zones of the impact and periodic region diffraction patterns in Figure 3B , which predominately corresponded to the (211), (112), and (300) reflections of hydroxyapatite and a broad amorphous hump in the periodic region. These data were collected for each diffractogram and their relative concentrations were normalized to 100% intensity. The orientation of the hydroxyapatite crystallites was determined by approximating the preferred orientation in of the (002) reflection for each diffractogram ( Figure 3A ) and its relative angle was denoted as a sloping black line through each pixel of the hydroxyapatite distribution map. The resulting data sets were plotted independently and then combined in the lower left of Figure 3C so that a direct comparison could be made to the obtained X-ray transmission data.
The orientation of chitin fibers was measured using the techniques detailed in (2) and more generally (3), by assuming that crystalline chitin grains exhibit fiber symmetry (a preferred c-axis but no preferred orientation within the plane normal to that axis), while the arrangement of the grains breaks this symmetry, with an angle between the fiber axis and a reference axis (the transmitted X-ray beam direction) that can vary from place to place within the sample. First, the (110) reflection of chitin was identified, and intensity vs. Q plots as a function of detector azimuth were generated, integrated over a range of Q which bounded this reflection (Q = 1.3-1.4 Å -1 ). As the fibers deviate from orthogonality with the beam, the location of their reflections on the detector do not remain separated by 180° in but have centroids displaced by an angle . Diffracted peaks will obey:
where is one-half the Bragg scattering angle. Representative data are shown in the 3 plots of figure 4E , with the blue plot displaying peaks separated by 180 degrees , and the green and red plots displaying a varying distance between peaks due to the nonzero values. Using the python programming language to automatically analyze a batch of plots, each plot was reduced to only consider points within the top 50 percent of intensity values. Using known approximate locations for peaks, the script found average peak positions weighted by intensity within the known regions. This produced two peak locations in for each diffractogram. The resulting measured values were used to determine the fiber orientation angle for each diffraction pattern. Solving for provides one of the two angular coordinates needed to represent the average direction of the chitin fibers within the diffraction volume. The orthogonal coordinate which represents the angle around the beam is given by the midpoint between the two acquired peaks' positions. 
3D Modeling of the Helicoidal Architecture
Using the vpython graphics library, rows of chitin fiber bundles in a helicoidal stack were visualized as closepacked cylinders. Each cylinder was colored half yellow and half blue to better visualize the constant rotational offset between each sequential layer. Curvature was then applied to the entire stack to represent the influence of the hemispherical dactyl club core and exterior. Finally, a plane was chosen to represent a polished cross section through the curved structure, and the points which defined each cylinder were collected from the intersecting plane, and visualized with their colors preserved. The resulting visualization of the fibers precisely reproduces the fractures seen in the charge contrast scanning electron micrographs, providing strong evidence that fractures predominantly propagate between the chitin fibers within the helicoidal assembly.
Supplemental Figure 2:
A helicoidal stack of cylinders representing chitin fiber bundles within the dactyl club (left). The same helicoidal stack with an applied curvature was achieved by wrapping the structure around a sphere and an intersecting plane (shown in gray) denotes the location of sectioning (middle). A collection of points representing the chitin fiber bundle locations accurately reproduces both the locations and curvature of the fractures seen in charge contrast scanning electron micrographs in Figure 4 (right).
Dynamic Finite Element Analysis
Dynamic Finite Element Analysis (DFEA) of an impact event between the dactyl club and a solid target was carried out using the finite element software Abaqus/Explicit (7). Our model considers the entire geometry of the dactyl, the propodus, and the target as depicted in Fig. 5A . Because the terminal two segments of the raptorial appendages can be approximated as a solid of revolution, we carried out a 2D axysymmetric analysis. The dactyl club has an average total length of ca. 5 mm and a radius of ca. 2 mm radius. The entire distance from the top of the club (impact region) to the end of the propodus is ca.10 mm. These dimensions are representative of a typical adult sized specimen of Odontodactylus scyllarus (and similar to the one analyzed in this paper and used for other previous experimental work (4)). The complex macroscale geometry of the dactyl club and propodus presented in Figures 1-4 is followed with high fidelity in our models. The mechanical response of the material is modeled as isotropic linear elastic with different mechanical properties and mass densities (matching our nanoindentation and compositional data) assigned to each of the sections indicated in Fig. 5A . In addition, the water-filled cavities (containing the internal musculature) of the dactyl and propodus are simulated as an acoustic medium to properly account for the wave propagation in the fluid and its interaction with the rest of the club. To accurately compare the results with previous data by Patek et al. (4) , the target was modeled as a steel cylinder (E= 200Gpa) with 1mm thickness and 5mm radius, and the impact velocity (20m/s) was based on their measured final velocity (Fig 5A) . Some details of the finite element mesh are shown in Fig. 5A . The finite element mesh contains a total of 433,787 nodes and 429,987 elements. In these simulations, the target initially travels at 20 m/s and impacts the dactyl club producing a compressive stress wave traveling through both the target and dactyl. Because we are interested in the impact event, we do not consider the effect of the water surrounding the dactyl club (although we do consider the water inside the central cavity, as it is very important for transmission of the stress waves). Due to the relative low impedance of water, the boundary of the dactyl and propodus are modeled as free surfaces.
The total impact force was calculated as the sum of the individual nodal forces in the direction of the impact along the lower surface of the target. The simulations were validated by comparing the computed strike force with the measured one, which gave a comparable value of 600-700N (vs. 500N). The image in Fig. 5C is a composite showing the maximum principal stress in grey tones to indicate when the maximum principal stress lies in the computational plane, and in red tones when the maximum principal stress lies in the direction perpendicular to the computational plane. The blue regions are those where the three principal stresses are negative with similar values. Based on these observations, the compressive stress is regarded as hydrostatic.
A d d i t i o n a l s i m u l a t i o n s w e r e p e r f o r m e d i n o r d e r t o a s s e s s t h e i n f l u e n c e o f i s o t r o p i c d a m a g e ( c r a c k i n g ) o r softening (plasticity) on the stress distribution, with the tensile load to initiate cracking or plasticity ranging from 10 to 50MPa: the impact energy absorbed by micro-cracking or micro-plasticity reduced the strike force by ca. 15%; however the critical stress values and overall distribution in the impact region did not change significantly.
W e a l s o p e r f o r m e d D F E M t o d i r e c t l y i n v e s t i g a t e t h e p o t e n t i a l c o n t r i b u t i o n o f t h e s t r i a t e d r e g i o n d u r i n g a n impact event. These additional simulations revealed that this circumferential band-like structure prevents lateral deformation of the club. These observations thus suggest that its highly oriented chitin fiber bundles oriented perpendicular to the impact surface (Fig. 1F ) may provide additional compressive and torsional stiffness during compression of the club's impact region. Finally the effect of the propodus was examined by performing additional DFEM without the propodus present. As expected, and since the maximum stresses are achieved at 2 µs following impact (Fig. 5B) , the propodus does not have any effect on the internal stress distribution at that time. However, the propodus does affect the strike force. It is noted that the difference in the recorded strike force begins at 3 -4 µs after impact which is when the propagating stress wave from the propodus arrives to the target. The peak forces in both cases (with and without the propodus) take place roughly at the same time (with 0.1 µs delay in the case with propodus). However, the main differences are in the peak force and, more remarkably, the impulse energy (area beneath the force vs. time curves). The peak force in the case without the propodus recorded in our simulations was 692 N, whereas the one with propodus was 717 N (representing an increase of 3.6% with respect to the case without the propodus). The impulse in the case without the propodus is 4.17·10 -3 N·s and with the propodus is 5.27·10 -3 N·s, which implies that the propodus contributes 26.4% more impulse energy.
Supplemental Figure 3:
Graph illustrating evolution of the force recorded at the impacted target (or sensor) with and without the propodus present for a representative simulation.
Influence of modulus oscillation on the crack-driving force
W h e n a n i m p i n g i n g c r a c k d e v i a t e s f r o m i t s h e l i c o i d a l p a t t e r n a n d c r o s s e s h e l i c o i d a l s u p e r l a y e r s i n t h e periodic region, it encounters a modulus oscillation. Depending on the direction of crack propagation relative to chitin fiber's orientation within the layers, the relative thickness of soft and hard layers varies, and three limiting cases can be considered. In the first case, the thickness of soft and hard layers is equivalent, and the modulus features a sinusoidal profile of period T ~ 75 µm (Fig. 4B) , with maxima and minima values of 25 and 10 GPa (Fig.  2B, inset) . In the second case, the modulus profile will feature hard, thicker layers separated by thin, softer layers. The third case is the opposite, with soft thicker layers separated by thin harder ones. We analyzed the effect of this modulus oscillation on the crack propagation using the formalism developed by Fratzl et al. (5) , which show that the crack tip propagation driving force, J tip , in a non-linear elastic material with periodic modulus can be expressed as :
where J far is the far-field J-integral surrounding the crack tip as defined by standard fracture mechanics (6) , and f inh is a factor related to shielding or anti-shielding due to modulus oscillation. With a far field modulus taken as the average modulus E 0 , and the condition that the layer wavelength T be much smaller than the singularity-dominated zone R, which is obeyed here (R is on the order of a few mm whereas T is in the µm range), they derived the following expression for f inh :
where a is the crack length, x is the coordinate perpendicular to the crack front propagation, is the relative coordinate ahead of the crack tip in the periodic region ( = x-a), and E(x) is the elastic modulus oscillation. We used the periodic function suggested in (5) to describe E(x), which was fitted to our nanoindentation data to obtain values of the oscillation wavelength, thin layer thickness, and modulus ratio = E max /E min . The three cases mentioned above are depicted in Fig. S4 (upper) , and the effect of modulus oscillation on the crack tip driving force is shown in Fig. S3 (lower) , here expressed in terms of the normalized crack-driving force (J tip /J far ) as a function of the coordinate ahead of the crack tip . As discussed in (5) shielding regions exist whereby the crack driving force is significantly reduced, with the actual amount of shielding depending on the relative thickness of soft and hard layers. A value = 2.5 was measured in the stomatopod club, which is most likely a lower bound value: indeed in our measurements, the variation in modulus at the length scale of indents is related to anisotropy changes of mineralized chitin fibers. At a finer scale which is not captured by the nanoindentation measurements, much more dramatic modulus differences are expected between chitin bundles and the mineral phase. Nevertheless, in order to obtain conservative values of toughening by the observed modulus oscillation, we used = 2.5 in the calculations, and we see that case 2 (thin soft layers between thick hard layers) is the most efficient in reducing the crack tip driving force, with minima J tip /J fa ratio of 0.4. A regular sinusoidal oscillation (case 1) yields to minima of J tip /J fa of 0.6. Although case 3 (thin hard layers between thick soft layers) provides some shielding, it remains limited in comparison to the other cases. With larger differences in modulus oscillation (as discussed above), more dramatic crack shielding is predicted. Hence in the periodic region, had a crack deviated from its helicoidal trajectory, the analysis suggests that subsequent propagation is hampered by the modulus oscillation, with an efficiency that depends on the direction of crack propagation relative to the fiber orientation in the helicoid.
Supplemental Figure 4:
Elastic modulus (upper) oscillation and crack-shielding J tip /J far (lower) vs. the normalized coordinate ahead of the crack-tip, /T (where T is the oscillation wavelength), in the periodic region of the dactyl club for three limiting cases of crack propagation/fiber orientation relative direction. The crack-driving force ahead of the crack tip for the three cases was computed according to Eq. S2. J far corresponds to the far-field crack-driving force for a homogenous material with modulus E 0 and J tip is the crack-driving force at the crack tip for materials with periodic moduli (5).
